• A number of new technics involving external detection of radioactivity in the blood stream or in tissues have been proposed as means for determining the rate, volume and pathway of blood flow in the intact subject. By virtue of their dependence on indirect, external measurement of indicator (isotope) activity in the body as opposed to direct measurement, these technics have been categorized as "external counting technics." Since the critical departure actually lies in the method of indicator detection, the preferable term would perhaps be "external detection technics." In either case, they are concerned with measurement of indicator dilution within the blood stream or measurement of indicator-transfer rates between blood and tissue. When preeordial external counting is performed, the dilution curve so obtained is often referred to as a "radiocardiogram.' n Although these methods represent innovations, adequate isotope detection, counting and recording equipment becoming available only after "World War II, methods to date have been described for measurement of total blood flow (cardiac output) and regional blood flow in muscle, heart, brain, liver and kidney, for determination of circulation time and cardiac volume, for detection of intracardiae and extraeardiac shunt, and for organ visualization. The rapidity of these developments suggests that a variety of new external counting methods and modifications of earlier ones must be anticipated in the near future. It would appear that many of these technics will have an area of useful clinical application. Whether any will ever be widely used in clinical study remains problematical.
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Advantages and Disadvantages of External Counting
External counting technics have multiple advantages; in fact they have almost a "Lorelei-like" appeal. The patient is inconvenienced only to the extent of a needle puncture, the physician is inconvenienced only to the extent of making an injection and manipulating the switches necessary to activation of the equipment. Large numbers of patients can be studied on an outpatient basis with negligible morbidity, at least acutely. The indicator can be used in tracer amounts and the detection equipment can be highly sensitive. The existing physiologic state is thereby presumably disturbed minimally as a result of the test. Chemical procedures can be limited to preparation of the isotopic indicator. Analysis of the data need be neither time-consuming nor difficult.
In the face of these seemingly compelling arguments, one may wonder why external counting methods have had relatively limited application and why a similar situation may exist in the future. Pre-eminent is an understandable reluctance to substitute extremely simple but unestablished methods for relatively simple but established ones. At present, satisfactorily accurate results have been demonstrated only with the technics involving determination of cardiac output and evaluation of intravascular shunts. Agreement even on the accuracy of these measurements is not unanimous. Of equal importance, alternative methods for achieving the same data are already in wide use as described elsewhere in this symposium. In other applications, the degree of accuracy is either not established or highly dubious. And to a varying degree here, too, there are technics now in use that are at least partly satisfactory. Additional reservations arise from the fact that the indicator must be a radioisotope. Considerable experience in isotopic usage on 506 CONN the part of the operator is expected by the licensing agency, the administrative details of obtaining, handling and disposing of isotopes are numerous, and finally the longterm health hazard, though expected to be nil or negligible with the known doses employed, may be of concern to both physician and patient. Present indications are that no external counting technic will gain widespread acceptance until it can be shown to have wide utility in providing acceptably reliable data not easily obtained by alternative methods.
Instrumentation and Technic of External Counting
The general applicability of external counting to measurement of circulatory parameters depends upon the adequacy with which a detecting device, externally located over a source of body radioactivity, may sense that radioactivity and provide an appropriate activity-time curve of its disappearance or of its appearance and disappearance from a specified site. Reliable reproduction of activity curves likewise depends on adequate counting and recording devices as a part of the entire system for measurement. The resultant curve may then be analyzed, just as other dilution or clearance curves are, to evaluate some aspect of the circulation. Also, as with other indicators, the isotope may be injected at the study site, inhaled as a gas, or injected intravenously. Gammaemitting isotopes must be employed since the only significant external radiation resulting from internally located isotope conies from gamma rays. Special forms of gammaemitting isotopes may additionally be needed. For those circulatory measurements in which retention of the isotope in the blood is requisite, i l : u albumin is the only easily obtainable, "tagged" substance that can be used. I 1 "-albumin and red cells labeled with Or 1 "' 1 have also been used for such measurements.
A few comments about the details of isotope usage may be in order. The dose usually employed for each study is 20 micro-curies or less, the resultant tissue radiation usually being calculated as less than 0.1 rad to the total body. This is less than the allowable radiation dose per week based on a similar continuous exposure throughout life. In certain cases, radiation of isolated tissues may be greater. To the extent that free I 131 is present, the radiation dose to the thyroid gland may be much greater unless thyroid uptake has been impeded by previous administration of stable iodine.
The instrumentation used in obtaining isotope-dilution curves is now rather standard and familiar to many. The usual system includes a gamma-sensitive detecting crystal (most commonly a thallium-activated sodium iodide one), a photomultiplier system, an electronic amplification and rate-counting circuit, and finally an ammeter or potentiometer type of recorder. The matter of detector collimation is generally less well understood and less standardized. For external counting, a lead shield is used to cover most of the detecting crystal so that crystal activation by radioactivity from sites other than the desired one will be virtually excluded. In the shielding there is an aperture of a size appropriate to permit isotopic emanations from the desired site to strike some part of the crystal. A cylinder or tube of lead may be attached to this aperture so as to exclude even further the activity not coming from the location under study. This device is called a eollimator. By varying the distance of the crystal from the site of radioactivity, by varying the length of the eollimator, and by varying the diameter of the eollimator's internal lumen, a varying area of underlying tissue will be able to transmit activity to the crystal. While the crystal may be "sharply focused" on a small or "crudely focused" on a large cone, in either case radioactivity within a prescribed segmental cone of body tissue will be transmitted to the crystal. This cone with increasing penumbra forms the volume contribxiting to the total count. The crystal can not selectively detect from a given circumscribed circulatory volume under any circumstance. In the ease of pre-Circulnlion Research. Volume X, March 1062 cordial counting, it is clear that anterior and posterior chest walls as well as heart, lungs and great vessels must contribute. The contribution from each source is a function of: (1) area scanned or seen by the crystal through the coliimator (increasing as a power function of distance), (2) intervening tissue or distance (decreasing as an exponential function) and of (3) scatter (generally minor but unpredictable). If one wishes to make an external count of radioactivity in the heart's blood or in the myocardium, one must therefore accept some contribution from isulopic activity in blood within other tissues, unless the radioactivity has not yet been delivered to these organs and tissues. In order to obtain counting rates sufficiently great to give statistically valid curves from the injection of allowable doses of isotope, it is frequently necessary to minimize colliination and allow the crystal to scan a relatively broad expanse of these tissues. The absurd extreme would be "visualization" of the entire body, in which ease no major change in counting rate would follow injection-no dilution curve would be inscribed. These technical matters are emphasized since they are importantly related to the problem of methodological accuracy. Herein lies perhaps the greatest stumbling block to successful measurements on the basis of external counting.
Measurement of Cardiac Output
Tn 1948 and .1949, Prinzmetal and colleagues 1 --described radiocardiography as a new method for evaluating blood flow through the. heart. They proposed the use of Na 1 ' 4 as an indicator for the ITarnilton-Stewart dilution technic and the use of a preeordial detector for measuring radioactivity in the heart and lungs. The recorded curves were analyzed for qualitative differences produced by several circulatory abnormalities. In 1953, Shipley and colleagues 3 extended the observations to a quantitative study of cardiac output with I 131 albumin as the indicator. The values calculated for cardiac output were reproducible and internally consistent, but Circulation Ht'twarch, Volume X, March 1962 an appreciable systematic overestiinatiou was strongly suspected.
Shortly thereafter, Hurt' and colleagues' 1 ' •"' reported a similar but more definitive study, the detector being placed over the ascending aorta and the values for cardiac output being compared with ones obtained by the Pick method. Yet here, good agreement was noted in a small number of humans and a larger number of dogs. Since that time a number of reports have appeared in which similarly favorable comparisons with the Fiek or the direct-sampling, dilution method have been reported. 0 " 14 Particularly worthy of mention among these are ones from Maelntyre, Pritehard and co-\vorkers,°~s whose investigations seem to represent the most thorough and considered study of the problem to date.
These various reports have indicated a mean systematic difference in cardiac output of less than 12 per cent from the value obtained by the standard technic. The reported standard deviations or random error varied between ±10 and ±20 per cent. Still other results have been reported in which the blood flow calculated from preeordial counting agreed well with expected results. 10 " 18 In contrast, two recent reports, 1 "' -°h ave noted results more or less like those found originally by Shipley and colleagues and contradict the favorable conclusions arrived at by most of the other investigators. The apparently careful work of Carter and colleagues 10 in normal dogs indicated a random deviation of cardiac output from values obtained by arterial dilution curves or from 0 to 530 per cent and a systemic overestimation of about 75 per cent. They concluded that preeordial external counting for cardiac output is an unsound method. In the other report, 20 systematic deviations were more modest, the only appreciable ones being a 23 per cent overestimation of flow when the indicator-injection site was the femoral vein.
In all indicator-dilution applications to measurement of cardiac output, the detecting instrument must be calibrated in order to relate the relative concentrations recorded to absolute or standard concentrations of indicator in the fluid volume of the cuvette. With the external counting modification, this calibration must be accomplished in vivo by a comparison of the precordial counting rate with the absolute concentration of isotope in peripheral blood (microcuries/milliliter) at a time following the initial injection when the isotope concentration in blood has more or less reached an equilibrium value. The important implication is that all intravascular radioactivity contributing to the final counting rate during calibration should reside within the same circulatory segments contributing radioactivity during the earlier inscription of the dilution curve. The segments initially contributing activity are presumed to include one or more of the cardiac chambers and the pulmonary artery and the aorta, or any combination of these, depending upon placement of the detector. The precordial count made at the subsequent equilibrium time when the peripheral venous sample is taken is obviously contributed to also by activity in large intrathoracic venous segments, the vessels of the chest wall, and the vessels of the myocardium. To the extent that these additional segments contribute, the calibration is invalid, the counting rate is spuriously high, and blood flow is overestimated. Furthermore, changes in the counting rate may occur if the patient changes his chest position with respect to the detector during the test. A different group of vascular segments is now visualized by the detector. All observers seem agreed that the extent of the contaminating contribution varies with differences in the technical details of measurement, particularly with differences in placement of the detector. The crucial and apparently debatable question is whether or not technical performance of the method can be standardized so as to keep the undesirable contributions of radioactivity at a predictable level or keep them predictably small. One assumes that Maclntyre speaking for the large majority would give an affirmative answer and Carter speaking for the minority would give an emphatically negative answer. While this disagreement still persists concerning the reliability of external counting for cardiac output in the normal subject, there is limited parallel information on subjects with cardiovascular disease. That available supports the reliability of the method. 14
External Counting as a Means of Studying Shunts in Congenital Heart Disease
In the early study of the precordial radiocardiograin by Prinzmetal and colleagues, 2 a qualitative deviation from the normal was described in a patient with patent duetus arteriosus. Goldring and co-workers 21 later demonstrated abnormal contours in the presence of additional lesions: tetralogy of Fallot, Bisenmenger complex, and tricuspid atresia. Until 1957, no attempts to extend these observations were reported. At that time Greenspan and colleagues 1 '-gave a preliminary report on studies in patients with congenital heart disease in whom lie had injected I 131 methylglucamine diatrizoate (renografin) and had performed external counting over the heart and over the femoral artery or aorta. In that and in subsequent reports" 2 " 24 they demonstrated that "left-to-right" intracardiac shunts could be recognized by an excessively prolonged elevation of the precordial counting rate. While similar findings may result from blood flow through a patent duetus arteriosus, the radioactivity responsible in the latter instance is in the pulmonary vasculature but not within the right side of the heart. Therefore, appropriate placement of the detector on the chest usually permits differentiation of an intraeardiac shunt from a patent duetus arteriosus. Intraeardiac shunts of the "right-to-left" variety were detected by the rapid rise in the counting rate over the femoral artery, indicative of the abnormally short circulatory pathway between the right side of the heart and the femoral artery. Shapiro and Sharpe 25 and Pritchard and colleagues 12 have reported success paralleling that of Greenspan and colleagues in detection of "left-to-right" shunts.
Eecently, Turner and colleagues 10 have employed precordial external counting not only
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to diagnose intraeardiac shunts but also as a means of quantitating their magnitude. On the basis of study in 23 patients they concluded that the described characteristic curve was found with "left-to-right" shunting, but that shunts of less than 30 per cent of the pulmonary blood flow might be overlooked. No statement of the accuracy of the diagnosis of "right-to-left" shunt was made although early arrival of isotope in the "left heart predominant" dilution curves was considered presumptive evidence of the existence of this kind of shunt. After comparing the results for blood flow derived from external counting with results obtained by the Fick method with oxygen as the test substance, Turner and colleagues believed that reasonable estimates of pulmonary and systemic flow can be achieved by external counting. By implication, this includes reasonable estimation of the amount of blood being shunted.
It would appear that congenital shunts can be more easily and more simply demonstrated in many eases by the use of external counting than by the application of present routine dilution or angiocardiographic technics. Quantitatively, the accuracy obtainable is less certain and probably rather less than that achievable with direct sampling methods. Localization of shunts must be achieved through intraoardiac injections of radioactive indicator during catheterization. As both Greenspan and Turner and their colleagues have concluded, the external counting technio should be considered useful in screening for cardiac catheterization in those patients who are suspected of having shunts. The technic should also give a simple and effective means for postoperative determination of the success of surgical closure of septal defects. And finally this technic should be helpful as an ancillary tool in study during catheterization of very young children in whom arterial blood sampling may be very difficult. External counting methods, ear-oximeter dilution curves, and angiocardiography would appear to vie for the choice as a preferred Circulation Research, Volume X, March 1062 method of studying blood flow in these patients.
Measurement of Regional Blood Flow
MYOCARDIAL BLOOD FLOW
With the present high incidence of coronary atherosclerosis and the paucity of methods with which to diagnose and evaluate it, much interest has been centered in recent years on developing ways for measuring the volume and the pattern of coronary blood flow. Measurement of coronary blood flow tlirough the use of indicator-dilution methods was an idea conceived perhaps 30 years ago. The originator of the idea is unknown, his name shrouded by the passage of time. The author is aware of several unpublished efforts to make this measurement, dating back almost 15 years. While the accumulated experimental data failed to fulfill hopes, the idea lingered on. If an indicator is injected intravenously, a dilution curve may be obtained from the arterial blood. According to the dilution principle, depending upon the blood flow and the amount of indicator injected, a certain area will be noted under the curve. If blood flow remains unchanged and the same procedure is repeated with a smaller amount of indicator, a second curve will be produced. The ratio of the areas under the two curves will be the same as the ratio of the amounts of indicator injected. Thus if the amount of indicator first injected is known, the amount subsequently injected can be deduced from the area relationship. If the second curve were generated by indicator having recirculated through an organ as the result of the first injection, one could thus ascertain the fraction of the initial amount of indicator injected that passed through the organ's circulatory system. By the almost axiomatic assumption that the fraction of the amount of intravenously administered indicator circulating through any organ on first passage is equal to the fraction of the cardiac output flowing through that organ, blood flow is determinable. Although the second curve is generated as a result of reeircnlating indicator and is not 510 CONN a consequence of an instantaneous injection, the area relationships hold despite the distorted character of the second indicatordilution curve.
For this concept to have practical application, the indicator returning to the right side of the heart after circulation through an organ must do so in such a time sequence that the consequent dilution curve can be clearly delineated. For the measurement of coronary blood flow, a final assumption has been made, namely that the coronary pathway represents the shortest circuit between the aorta and the right ventricle, and therefore that the first curve due to recirculating indicator is related to coronary blood flow. From anatomic considerations at least, this assumption had been thought an approximate statement of fact. Early attempts to measure coronary blood flow on this basis were made through analysis of the primary and the first following recireulation civrve obtained by sampling from a peripheral artery. As indicated previously, no consistent success was achieved, even in the visualization of a second " h u m p . " Tn order that the indicator recirculating from the coronary system be more easily delineated, attention was subsequently focused on sampling additionally from the right ventricle or from the pulmonary artery. Using open-chested dogs with I 131 albumin as indicator, Huff 20 recoided these "right-heart" curves and found that other " d y e d " blood from the superior vena cava frequently returned nearly simultaneously with that from the coronary sinus. Rapid passage of indicator through both the thyroid and the bronchial circulations was implicated. While the conditions of the experiment were highly abnormal, the " d e c a y " slope of the earliest dilution curve from the right side of the heart was difficult to detect and not solely due to indicator arriving from the coronary system. As expected, then, the values for coronary blood flow seemed unduly high. 27 made similar measurements in intact dogs. The values for coronary blood flow were similar to reported normal figures but were not compared with values simultaneously derived from a recognized standard for measurement of blood flow. In man these investigators found expected values in control studies and a decrease in coronary blood flow to about one half in subjects with coronary-artery disease. Recently, Marchioro and colleagues-" and Forte and colleagues 20 have independently restudied these same matters in dogs using several injection and sampling sites. Results much like those of llufl! were obtained. Forte and colleagues also attempted to correlate results with measurements of coronary blood flow by the nitrous oxide method. The conclusion was reached that these technics did not seem to be either satisfactorily accurate or reproducible.
Subsequently Henley and colleagues
Apparently undismayed by the unsolved and perhaps insoluble problems of the directsampling technic, Sevelius and Johnsou 30 ' 31 proposed substitution of external precordial measurement of the radioactivity as it passed through the myocardium for direct measurement of activity in the "right-heart" blood. Their simple, rapidly performed technic permits wide application and has wide appeal. A reflection of the enthusiasm generated has been the prompt recognition given to the work-an editorial report, 32 a drug company report 33 widely distributed under the signature of a former surgeon general of the United States Public Health Service, and an American Medical Association scientific exhibit, prize. 33 The general concept proposed by Sevelius and Johnson, and by others, 3 ' 1 is applicable to organ blood-flow measurement in general. As with the direct-sampling technic, organ blood flow is related to cardiac output as the fraction of an intravenously injected indicator passing through the organ. In contrast, however, the fraction of indicator passing through the coronary circulation relates not only to the ratio of the areas of the myocardial and primary curves but also to the reciprocal of the mean transit times of indicator through the volumes of blood contributing activity to the two curves; that is, consideration must be given to the additional variable, the relative mean veloc-Circulalion Research, Volume X, March J0G~ ity of blood flow past the myocardial and heart-chamber volumes being scanned by the external detector.
A somewhat confusing mathematical derivation of this conclusion has been presented. 81 The conclusion that mi,/m c = A h ii, ; /A c t|, is sound, however, where ni relates to the amount of indicator, A to the area under the appropriate dilution curve, t to the mean transit time through the "scanned" volumes, e to the coronary vasculature, flow or dilution of indicator, and h to the total circulation, the cardiac output and the primary dilution curve. As yet no serious attempt seems to have been made to look beyond the mathematical justification to whether actual measurements would give values for blood flow under normal and abnormal conditions comparable to those obtained with other accepted technics.
.Such comparisons would appear to be of extreme importance in view of the following practical problems that application of the described method 81 would appear to pose. Sevelius and Johnson have made use not only ol" I |: " albumin but also of I 131 diodrast as an indicator. The latter indicator is not totally bound to protein and will to some extent diffuse into the interstitial fluid of the myocardium. To that extent, erroneous values for transit time will be obtained. Second, it does not seem possible with the detection system used by Sevelius and Johnson to differentiate between activity actually in the myocardial circulation and that present in the right side of the heart and pulmonary artery simultaneously or immediately thereafter due to blood entering not only from the coronary system but also from the abovenoted extracoronary sources. Third, the onset of the curve related to coronary blood flow should start from zero and proceed through a maximal-concentration value. The curve should not begin with a maximal-concentration value as indicated in their analysis. Fourth, from the early observed deficiencies of indicator-dilution methods for measurement of coronary blood flow, some difficulty in distinguishing the disappearance slope of the "myocardial" curve might be predicted. This difficulty is apparently a frequent one. I have been privileged to read a communication from Johnson 35 to one of my colleagues stating that this problem arises in perhaps 50 per cent of all measurements. In view of these practical difficulties in measuring the area under the myocardial curve and the mean transit time of indicator past the myocardial site, and in obtaining an appropriate calibration for determination of cardiac output, a careful and thorough study of the random and systematic error (that is, the accuracy and reproducibility of the method) must precede any general acceptance of data obtained via its use. One suspects that the results of such a study will bring about a considerable decrease in enthusiasm for this approach to measurement of coronary blood flow.
Love and Burch 30 and Molting and colleagues 37 also have reported on attempts to develop external counting methods for measurement of coronary blood flow, again methods that would cause little inconvenience to the patient but would have wide applicability. These methods are dependent on the precordial measurement of the rate of myocardial uptake of Rb so or K 4 -, these ions having generally similar kinetic movements and distribution. In the normal dog heart the rate of effective potassium exchange between the serum and the interstitial fluid (ISF) was thought to be limited essentially by the rate of coronary blood flow.* 8 The calculated rate of potassium exchange between the interstitial and the intracellular fluid was considerably greater than the serum-ISF rate 88 so that potassium exchange between the serum and the myocardium as a whole would appear to occur normally at a rate limited by the magnitude of coronary blood flow. From these considerations, Love and Burch proposed measurement of blood flow derived simply from the curve of increase in Rb S(i myocai'dial activity recorded externally. An intravenous infusion of the isotope was administered in a manner designed to keep the arterial serum concentra-Cimilitt.ion Research, Vohnnc X, Mitrch CONN tion constant. The precordial curve was then recorded over a period of 60 to 90 minutes, although only the early portions of the curve were used for analysis. It was recognized that only about 70 per cent of the activity detected came from the heart, but the curves were analyzed in such a way that approximately normal values for coronary blood flow were arrived at. Changes in the uptake rate produced by vasopressin (pitressin) and levarterenol (1-norepinephrine) gave calculated blood-flow results corresponding to the known effects of the drugs. However, in addition to the difficulties posed by the extracardiac contributions to radioactivity, there may be other difficulties precluding accurate determination of flow under changing conditions. In dogs the inyocardial-ISF exchange, at least of potassium, may be influenced by the state of myocardial oxygenation, drug effect and heart rate. 30 ' 40 In rats, temperature has been shown to be another variable. 41 While exchange at this barrier is normally greater than effective exchange at the capillary barrier, the former can under some of these circumstances become the process limiting myocardial uptake of isotope from the blood. If transcellular exchange in relation to transcapillary exchange is small and constant, changes in blood flow will exert little effect on myocardial uptake of the Rb so . When transcellular exchange is varied by changing conditions, isotope accumulation in muscle may fluctuate or be changed despite constant blood flow. Love and Burch's procedure should be satisfactory for giving qualitative estimations of coronary blood flow or changes therein under some circumstances, but seems inadequate for quantitative determinations and perhaps for qualitative estimations when considered in general.
Nolting and colleagues proposed that the average extraction of myocardial Rb sc is constant and consequently that it is possible to estimate coronary blood flow from the rate of Rb SB uptake by the heart and from the arterial Rb 8G concentration. Since myocardial uptake is here again estimated from precordial counting, the previously described reservations apply. More importantly, it had previously been shown that the myocardial extraction of potassium is not constant even under constant conditions of blood flow and delivery of isotope to the heart. 38 It is not the constant 46 per cent proposed by Mack and colleagues. 4 -The arterial-venous difference for potassium in fact displays exponential characteristics with respect to time. Nolting's own group later showed that this finding applies equally for Rb 80 . 42 This approach to determination of coronary blood flow has limited merit even under normal conditions.
One must conclude that none of these proposed methods of precordial counting shows great promise of providing consistent, accurate results for total coronary blood flow. In view of these deficiencies, one hesitates to point out further that the methods have little applicability to an equally vital problem, evaluation of the pattern or distribution of coronary blood flow. In contrast, Nal 131 clearance from cardiac muscle has recently been determined following isotopic injections directly into the myocardium, and the clearance rate used as a measure of blood flow. 43 While the accuracy and fate of this procedure are likewise in doubt, the technic does afford the opportunity to obtain a measure of blood flow in different portions of the myocardium.
MEASUREMENT OF BLOOD FLOW IN TISSUES OTHER THAN MYOCARDIUM
The various applications of external counting methods to the measurement of regional blood flow, whether myocardial or other, have resolved mainly around the two basic approaches presented in the previous section. The first is the indicator-dilution concept on which Sevelius and Johnson based their study of myocardial blood flow. The second forms the basis of the Rb 80 methods proposed by Love and Bureh and Mack and colleagues 4for the same measurement. More generally, the second concept holds that the rate of uptake or release of an inert gas or of any small ion species by a tissue is a process limited by the tissue blood flow. Following
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introduction of this kirid of isotopic indicator by needle directly into the tissue or into the circulation, a value for blood flow may be derived by external measurement of the rate of isotope delivery to or clearance from that tissue. The basic considerations were described and mathematically treated by Smith and Morales 44 and at about the same time by Jones and colleagues 45 for inert gas exchange, and by Smith and Quimby 40 and later by Kety 47 and by Dobson and Warner 48 for the special case of sodium exchange in skeletal muscle.
Except for the attempted quantification of myocardial blood flow, the usefulness of the first concept in evaluating regional flow seems scarcely to have been examined. Sevelius and Johnson 49 described measurement of renal Wood flow by external monitoring of the presumed renal indicator-dilution curve. This curve and a preeordial one were obtained after intravenous injection of I 131 albumin. The results showed an almost unbelievably close correlation between blood flow so measured and blood flow calculated from standard measurements of renal clearance.
The earliest experimental data based on the second concept came from Jones. 60 He used radioactive inert gases, mainly Kr 79 , and measured externally the saturation and desaturation rates for the gas in various parts of the body. The results were considered compatible with blood-flow limitation of gas exchange. Wechsler 51 proposed the use of Kr 70 in a similar way to obtain measurements of cerebral blood flow but did not publish any measurements. Further, inert gases have differential solubilities in fat and water. The tissue-blood equilibrium partition for the gas may not be unity and must be known if blood flow is actually to be quantified. Subsequently, these partition coefficients were determined in the dog for one inert isotopic gas, radiozenon, and the desaturation method was applied to determination of renal, hepatic, cerebral and muscle blood flow. 62 External counting of the organ rate loss of radioactivity with time was carried out after Circulation Research. Volume X, March 1962 use of an inhalation method of delivering gas to the tissue. While the calculated values for blood flow were in the normal and expected range for each organ, contributions to the counting rate by radioactivity in tisues not under study occurs and may be of a magnitude sufficient to render curve analysis very difficult. Despite the relative optimism of these preliminary reports, there seems to have been no further exploration of the clinical applications or accuracy that these methods might have.
The first definitive study of the clearance rate of small radioactive ions from tissueseems to have been carried out by Kety. 47 He measured the clearance of Na 24 following direct intramuselar injection of isotope. Reasonable estimates of muscle blood flow were calculated for control states, and changes in the expected direction were noted under four experimental conditions. Because of the complicating circumstances, particularly lack of knowledge of diffusion distances between injection site and blood, Kety chose to retain the concept of measuring a quantitative clearance constant rather than blood flow. Warner and associates 58 subsequently showed that the clearance rate was considerably affected by the volume used in isotope injection. Other problems have been recognized, particularly contamination of the skin and subcutaneous tissues during the injection, the exchange of Na into the cells, and the effect of needle puncture on the existing blood flow. A further consideration is that blood flow in skeletal muscle may not be homogeneous. While Kety found only a single clearance rate following intramuscular injectior of isotope, Dobson and Warner 48 and Prentice and colleagues" 4 have found, following intra-arterial injection of Na 24 , that there appear to be three rates of muscle uptake of Na and presumably then three rates of tissue perfusion. Here again the adequacy of the methods is difficult to assess since the blood-flow figures have not been sufficiently compared with results simultaneously obtained by other methods 54 and since the clinical reports do not seem unanimously enthusiastic. 55 " 58
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Miscellaneous Circulatory Applications of External Counting
In addition to the methods already reviewed, a wide variety of other methods is concerned with external detection of isotopic indicators from a specified region or organ of the body. Some are pertinent to the present discussion insofar as the methods are intended to provide information about the circulation. Among them may be included the I 131 -diodrast reuogram teelmic originally described by "Winter, 09 the I 131 -rose bengal test described by Taplin and colleagues 00 and the radiogold method 01 for study of hepatic function, methods for measuring cardiac-chamber volumes, 02 ' C3 and methods for defining the myocardial silhouette 04 and for distinguishing thereby the presence of pericardial fluid. 04 ' CB The I 131 -diodrast and I 131 -rose bengal tests involve determination of the rate of uptake and discharge of these dyes from the kidney and liver respectively following intravenous administration of the drug. The tests in part reflect blood flow to the two organs, but the curves obtained are in fact a complex function of blood flow and of parenchyma! uptake, metabolism and secretion of dye. Consequently, no one parameter is clearly delineated. However, a pattern of dye concentration in various parts of the organ may be obtained by scanning technics. These "scans" may be used clinically to demonstrate focal abnormalities such as tumor nodules and infarcts.
The disappearance of colloidal gold from the circulation is mainly a result of its uptake by the retieulo-endothelial cells of the spleen and liver. If proper colloidal particles are used, the portal-circulation extraction ratio of radiogold is normally relatively high and relatively constant (65 to 90 per cent). On this basis the disappearance rate of Au ]9S from the circulation was proposed as a means of estimating hepatic blood flow. 00 Determination of this disappearance rate by external monitoring of radioactivity was subsequently described by Burkle and Gliedman. 01 Estimated hepatic blood flow seemed appropriate but generally lower than obtained by others using other technics. No further evaluation has been made. It remains to be demonstrated whether the portal extraction ratios of Au 10S , especially under conditions as may exist in cirrhosis, remain sufficiently high and constant to permit adequate estimations of blood flow.
Cardiac and pulmonary volumes were obtained by Lammerant is and by Love and colleagues 02 from the intrathoracic vascular dilution of I 131 albumin injected into the right side of the heart. Reasonable A'alnes were obtained under normal and abnormal conditions, but comparative measurements by another method were not used. Because of the prediluting effect of the right-heart and pulmonary vascular segments on dilution curves obtained from the left side of the heart when the injection site is proximal to the right side, Thode and colleagues 03 introduced an alternative method for determination of left ventricular volume, "inhalation radiocardiography." The subject inhales I 131methyl iodide gas and a radiocardiogram of the left side of the heart is secured. Insofar as the decay slope of the experimental curve is equal to blood flow/left ventricular enddiastolic volume as proposed from theory, residual volume as well as total left ventricular volume can be calculated. Values for stroke volume were about 20 per cent of end-diastolic volume, the latter being estimated to average about 300 ml. By the authors' own admission the volumes calculated are considerably different from those obtained by other investigators using various methods.
Any gamma-emitting isotope accumulating in the myocardium or even one present in myocardial blood can transmit its activity to an external detector in such a way that the cardiac silhouette can be outlined. With appropriate equipment the heart is "scanned" in the same manner as is commonly done in thyroid studies. 04 Heart size can be determined with moderate precision. If the heart size by " s c a n " is compared with the apparent heart size by radiography, Circulation Research. Volume X. March 1Q62 the presence or absence of a significant perieardial thickening or effusion can be established. Such a diagnostic method would appear to involve less risk than angiocardiography and may prove to be one area in which myoeardial scanning is of clinical use. 04 -°5 Summary A variety of external counting technics has been used to study the circulation. Brief consideration has been given to some of those concerned with measurement of cardiac output, myoeardial and other regional blood flows, and cardiopulmonary volumes, and to those related to the evaluation of vascular shunts.
These technics have much in common. They are simple to carry out, require little time to accomplish, and entail little risk for the subject. At the same time, they are to varying extents imprecise, and are not as accurate as methods currently available or methods of undetermined validity or both. They do not offer the means to measurement of intravascular pressures and so cannot replace cardiac catheterization. As yet, little new information about the circulation has been gained by application of these methods.
The ultimate place of external counting technics in the study of the circulation is still undetermined. The best prediction is that these methods will probably supplement but not replace diagnostic methods now in use. They should serve a valuable function as tests for screening of subjects being considered for more definitive and laborious procedures and as supplementary tools in the performance of these more definitive studies. 
